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1.	 SUMMARY
Solar cells and mesa diodes were fabricated by the implantation of
zinc or beryllium ions into N-type gallium arsenide (NU 2 x 10 1 7 cm-3).
Annealing temperatures above 750 °C (zinc) or 650' C (beryllium) were found to
produce 50% to 100`o activation of the implanted ions, up to acceptor concentra-
tions of approximately 2 x 10 19 cm- 3 . Junction depths of about 0.4 micron were
produced by 600 keV zinc implants or 70 keV beryllium implants. P-la er sheet
resistance was about 150 ohms for 2 x 10 15 cm-zinc or 1 x 10 15 cm-Zberyl-
Hum implants. This is sufficiently low for° efficient solar cell fabrication. Con-
tacting procedures were improved to yield reproducibly adherent, low resistance
front and back contacts.
The devices were characterized by C-V, dark and illuminated I-V,
and spectral response measurements. The C-V measurements show that the
P + N junction is nearly abrupt, and that no compensated layer exists at the
junction. The dark I-V measurements show that junction characteristics are
dominated by recombination centers in the junction space-charge region up to
forward voltages of about 0.9 volt. At the theoretical photogenerated current
density of 35 mA/cm2 , the forward voltage drop of the best diodes is 0.96 volt,
which implies that the base region lifetime is about 10- 9 seconds. This is close
to the value in unprocessed material, indicating that the processing used does
not greatly degrade the base lifetime. The illuminated I-V measurements show
very low short-circuit current (about 5 mA/cm 2), and the spectral response	 z
measurements show that this current arises almost entirely from carriers gen-
erated in the base region; i. e., the surface region photoresponse is, almost
zero.
By etching device samples in a structure-sensitive etchant, we have
determined that the surface preparation technique used to fabricate these devices
was not effective in removing mechanical damage from the polishing operations.
A new surface preparation technique was developed, and it appears to produce
damage-free surfaces, and therefore should improve the surface region photo-
response, Other process changes which we expect will improve photoresponse
are the use of beryllium rather than zinc implants (the lighter beryllium ion
produces only about A of the lattice damage produced by zinc), and implantation
through a silicon dioxide layer to shift the peak of the implanted distribution to
the surface, eliminating the region near the surface in which the built-in field	 —
opposes the flow of minority carriers to the junction.
A comparison of our results with published results suggests that, if
we can satisfactorily resolve the surface region photoresponse problem, we will
be able to fabricate a high efficiency gallium arsenide solar cells by beryllium
implantation.
M
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2,	 EXPERIMENTAL INVESTIGATIONS
2.1
	
Characteristics of Zn+ Implanted Diodes and Solar Cells
The detailed experimental results of zinc ion implantation and anneal-
ing experiments have been reported in Quarterly Report No. 2, It was shown
that for Zn implants of 600 to 800 keV and dose level between 1 x 10 15 to
5 x 10 15 cnn-2 the resultant sheet resistances and ,junction depths on a N type
substrate with ND	 2 x 10 17 cm- 3 are close to the optimum cell design param-
eters as computed from solar cell junction theory, During this quarter, we
fabricated solar cells and mesa diodes, employing 600 and 800 keV Zn + impi n -
tations with doses of 2 x 10 15 , and I x 10 16 c111- 2 into N type 0.000 S2 cnn
(ND - 2 x 10 7.7 cm- 3) material. Pu st- implantation annealing was done at 700'C
for 30 minutes with 0.3 micron sputtered silicon oxide covering the implanted
surface. Silver-based metal c nntacts were then evaporated on front implanted
and back substrate surface, (see Section 2.4 for procedure). A small portion of
the experimental sample is used to form mesa diodes with typical area ^- 10-3
c111 2 , while the larger portion of the sample has a tapered finger grid contact
evaporated onto the front surface for illuminated measurements.
Table 1 summarizes the measurements on the mesa diodes. The
implanted layer sheet resistance and junction depth measurements are reproduci-
ble from the previous experiments. From the C-V measurement A is obvious
that the P+N junction is nearly abrupt, and the calculated background concentra-
tion from the measured Co/A of 00 of/cm2 is 1.8 x 1017 cn1- 3 . The forward
I-V measurements indicate that the junction current is controlled by recombina-
tion in the space charge region for Vf " 0.9 V, as is true of GaAs diodes formed
by zinc diffusion.
The illuminated measurements are summarized in Table 2, The low
short-circuit density Jsc is obviously a disappointing experimental fact. In
contrast to the theoretical value of 35 mA/cm 2 , the highest observed value is
only 5.63 mA,/cm2 . The low values of open-circuit voltage result both from
the low short-circuit current density and from junction nonuuniformity, as further
discussed below.
Figure 1 shows the spectral response of the short circuit current for
a 600 keV Zn + implanted solar cell. The blue end of the response starts at
= 0.5 micron and suggests that the surface region down to a depth of at least
a-1	 0.24 micron* has such a high recombination rate that the photogenerated
;a ---
,;	 *At a = 0.5 micron the absorption coefficient a in GaAs is 4.2 x 10 4 cm-1.
j..	 2
Table 1. Characteristics of Zn + Implanted P'^N GaAs Mesa Diodes.
Impl, EnerB3"
(keV)
Dose
(cm 2 )
ps
(:1/[])
x)
(µm)
Co/ 2
(nf/cm)
J 11 , n(C	 ^	 )
A for V f <0.9V 
In If -	 q	 Vf11AkT	 /
600 2 x 1015 170 0.38 ill	 80.7 0.42 2.5
#l2	 66.4 0.39 2.33
#l3
	
79.2 0.43 2.42
600 5 x 1015 85.8 0.45 #1	 86.8 0.46 2.33
#l2	 93.2 0.47 2.33
600 1 x 1016 49.7 0.50 -- -- --
800 2 x 1015 108 0.50 #1	 81.4 0.43 2.33
#l2	 87.7 0.45 2.50
800 5 x 1015 68 0.55 #1	 89 0.47 2.17
L800
1 x 1016 52.4 0.65
#l2	 91
#l1	 90.5
0.49
0.48
2.33
2.33
*Anneal at 700 -C for 30 minutee.
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Figure 1. Relative Spectral Response of Zn + Implanted
GaAs Solar Cell
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carriers will recombine before reaching the junction °ml so do not contribute to
the short-circuit current. A similar "dead layer" hit., been observed oil
 sam ples by Wittry and Kyser (l ), and oil 	 samples by Kalibjian and
M.Iyccfa.(2^ In our samples, we believe that this surface dead layer results from
the presence of a high density of recombination centers at or near the surface,
produced either in tine polishing or implantation steps and not removed by sub-
sequent annealing, The effect of these centers is enhanced by the fact that the
peak of the implanted acceptor distribution occurs some distance into tine sample,
so that the built-in field in the region between the surface and the peak of the
distribution causes photogenerated minority carriers to drift towards the surface
rather than towards the junction. It is significant that the thickness of the dead
layer. as deduced from tile spectral response, is approximately equal to the
depth of the peak of the implanted acceptor distribution.
III
	 to improve short-circuit current density, it is apparent
that we should adjust the acceptor profile so that the peals concen t ration occurs
at the surface; also, we should attempt to discover the sources of processing-
induced defects in the surface region and adjust the fabrication procedure to
minimize them. A more nearly optimum profile call be obtained by implanting
through ,I 	dioxide layer of properly chosen thickness; this will also protect
the surface against contamination and mechanical damage during implantation.
Radiation damage during implantation can be minimized by using the lightest
dopant ion available. Hunsperger et al.( 3 ) have reported that beryllium is an
effective acceptor dopant in gallium arsenide. The small mass of the beryllium
ion allows the use of much lower ion energies to obtain the same penetration,
anti a larger fraction of the ion energy is dissipated in electronic excitation
rather than in the production of displacement damage. This is the reason behind
our decision to investigate beryllium implants.
2.2	 Characteristics of Be" Implanted Diodes and Solar Cells
Beryllium ions were generated from solid beryllium fluoride in an
arc-discharge ion source. Analyzed beam currents of several microamperes
were easily achieved. Values of projected range and standard deviation of
(1)D.B. Wittry, D.F. Kyser: "Surface Recombination Velocities and Diffusion
Lengths in GaAs", Proc. of the Int. Conf. on the Phys. of Semicond. Kyoto,
p. 312, (1966).
(2) R. Kalibjian, K. Mayeda: "Characteristics of GaAs Photovoltaic Diodes
at Low Irradiance", Solid-State Electronics 12, 623 (1969).
(3) ',R.G.
 
Hunsperger et al: "Mg and Be Ion Implanted GaAs", Jour. of Appl.
Phys. 43, 1315 (1972).
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projected range were calculated fronn LSS their	 The alculated acceptor con-
centration profiles for a total dose of 10 15 Be em2 cold ion energies of 40. 70
and 100 lceV are shown in Figure 2. The profiles for beryllium at 70 and 100 keV
are closely similar to those calculated for zinc ions of 600 and 800 keV.
Table 3 presents the results of measurements oil 	 beryllium-
implanted samples. The samples were annealed at 700 °C for 20 minutes in
forming gas after implantation and deposition of a protective silicon dioxide
coating. A comparison with the zinc-implanted samples (Table I) shows that the
shect resistance and junction depth for beryllium implants of 1 x 1015 cal-2 is
equivalent to those obtained with zinc implants of 2 x 10 15 cm- 2 and eight times
higher energy. It therefore appears that nearly 100% activation of tine implanted
callacceptors c. be achieved by annealing beryllium-implanted samples to 700 -C,
while zinc-implanted samples require 800 "C Other parameters are similar to
the zinc-innplant data.
The illuminated solar cell output characteristics are summarized in
Table 4 The short circuit densi.tities do not show appreciable improvement
over Zn implanted solar cells. Spectral response data of Figure 3 suggests
that a similar "dead layer" exists in the Be + implanted surface region.
A single 2 x 2 cm 2 solar cell, beryllium-implanted at 100 keV, was
divided into 4 sections approximately 1 x 1 cm in size. The four sections showed
similar values of short-circuit current density, but there was a large variation
in other parameters, as shown in Table IV and Figure 4. The dark I-V charac-
teristic for sample #4 shows values of forward current at low voltages which are
as low as the best gallium arsenide cell values reported in the literature.(4)
The other segments showed higher currents. Etching the edges of these samples
did not change the I-V characteristic appreciably.
The two worst sections (Group A) were the sections oil 	 the
contact bar was deposited (Figure 5). Angle sections of the contact bar region
were made to check for penetration of the junction by the metallization, but no
evidence of this was found.
From these samples, we concluded that the high-recombination layer
at the surface which was responsible for the low values of short-circuit current
could in localized regions extend to the depth of the junction. Such non-uniform
damage would most probably result from mechanical damage prior to implanta-
tion. We therefore re-examined our surface preparation techniques to determine
(4) Kagan, Landsman, Lyubashevskaya, and Kholev: " High-Efficiency
Gallium Arsenide Solar Cells and Possible Improvements", Gelioteldnnika
3, 10 (1967).
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Table 3. Characteristics of De g' Imphuited P + N GaAs Mesa Diodes.
Imp1, Energy
(koV)
Dose(ell,-2)
*
Ps
(q /_)
x
(11111)
Co/A
(nf/cm2 )
l A for Vf e .9 V
n	 q
(C	 V n)	^ln If °^	 1{ I	 Vf^
100 10 15 110 .52 111	 80 45	 2.16
112	 82.2 .45	 2.33
-.4870 1015 158 101	 83.2 .45	 2.16
40 1015 815 - 111	 57.4 .304	 2.16
*Anneal at 700 °C for 20 minutes.
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Figure 5.
	
	 A Be + Implanted (100 keV, 10 15 cm -2 ) P+N
Solar Cell (4 em2 ) Scribed Into Four Small
Samples. Cell #1 and n 2 (Group A) Have
 Larger Contact Area Than Cell 03 and 44
i	 (Group B).
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if all polishing damage was being removed prior to implantation. This investiga-
tion is described in the following section of this report.
Although the beryllium-implanted cells produced during this report
perio ! were no better than the zinc-implanted cells, we believe that beryllium
implantation will prove better than zinc implantation. The lower annealing
temperature required for full activation of the beryllium implants supports the
calculations of lower defect introduction rate. During the remainder of the
contract. we intend to fabricate samples by implanting beryllium through a thin
m°rsk of sputtered silicon dioxide.
2.3
	
Improvement of Surface Preparation
The two-step polishing procedure discussed in the Second Quarterly
Report was more extensively investigated during the past month. Samples
previously polished and processed through to a final solar cell configuration
were given a light etch in a 5 ela solution of bromine and methanol to determine
the extent of work damage from previous processing steps. The results showed
large numbers of scratches across the entire cell surface (Figure 6) which by
their nature in shape and pattern strongly suggested they originated at initial
polishing. Further investigationrevealed that the first polishing step operation
(chem-mechanical polishing with 2% sodium hypochlorite solution) in some
instances, created deep scratches not apparent to the naked eye. It was further
determined that the second polishing step (chemical etch in a 5 %' solution of
bromine in methanol) did not bring out these underlying scratches because the
etchant was not utilized for an adequate lengt'l of time.
Due to the uncertainty and close operate control required of this
procedure, a modification was made. The following is the revised procedure:
(1) Etch A and B faces in a solution of 1 01'' by volume of
bromine in methanol for 1 minute.
(2) Mount A face down on glass slat and lap B face to a
uniform finish with 5 micron diamond grit.
(3) Chem-mechanical polish B face on Pellon cloth by hand
using 1% by volume bromine in methanol. Complete to 	 1
high polish finish.	 ---
(4) Etch in 19b by volume bromine in methanol for 1 minute
and rinse thoroughly in methanol.
(5) Etch in 1 H2SO4 : 1 H2O2 : 1 H2O solution for 30 seconds
and rinse thoroughly in deionized water.
(6) Dismount slice. Clean and vapor degrease in trichloro-
ethylene.
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Samples prepared by the revised procedure showed no evidence of
scratches on further etching.
2.4
	 Improved Contacting Procedure
As previously discusses: in Monthly Progress Report No. 6, con-
siderable efforts have been devoted to improving the InAg contacting procedure.
Initially, much difficulty was encountered in forming reproducibly adherent alloy
contacts on both surfaces of the implanted layer. The contact adherence was
greatly improved by etching in 1 H2SO4 : 1 H2O2 : 100 H2O for 30 seconds just
prior to contact evaporation. The amount of material removed by the etch is
negligible. Contact resistance between the metal and the semiconductor has
been further reduced by adding to the In metal, 10% Zn for the P type implanted
layer and 1070 Sn for the N type substrate during sequential evaporation.
The contacts produced by the revised procedure riot only withstand
the usual tape and abrasion tests, but after firing for 5 minutes at 560 -C in
hydrogen, will withstand vigorous abrasion with metal tweezers without peeling.
The contacts therefore appear to be comps.able in adhesion to the TiAg contacts
normally used on silicon solar cells. No contact failures have pecurred during
handling, including ultrasonic bonding of electrical leads, and the measured I-V
characteristics show no evidence of appreciable series resistance. We there-
fore conclude that this procedure is adequate for the purposes of this contract.
3.	 CONCLUSIONS AND FUTURE PLANS
It is obvious that the main task for the remainder of the program will
be the improvement of cell short-circuit current density. A surface "dead layer"
is responsible for the low values of short-circuit current observed in devices
fabricated to date; in the best devices the junction quality and base region life-
time appear to be as good or better than the best values reported in the litera-
ture. Both the mechanical preparation of the surface prior to implantation and
the implantation technique itself appear to be at fault. The improved surface
preparation process described in Section 2.3 appears to yield damage-free
surfaces, to the extent that this can be determined by etching with structure-
sensitive etchants. The implantation process needs further improvement. The
substitution of beryllium for zinc is a step in the right direction, but additional
work must be done to optimize the dopant profile and post-implantation annealing
schedule. Although the implantation and annealing schedules used to date have
produced surface layers with the desired junction depth and sheet resistance, an
insufficient number of measurements of cell spectral response have been made
to optimize the surface layer photoresponse.
16
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During the next quarter. we will use spectral response measure-
ments to optimize the implantation and annealing processes. Implantation will
be done through an oxide layer to place the peak of the implanted ion distr:.bution
at the gallium arsenide surface. Annealing at higher temperature (to 850 'C) will
be evaluated.
In view of the limited time remaining in the program. it will be
necessary to curtail certain items of work originally planned. An experimental
investigation of N +P cells does not appear to be worthwhile, since the only cell
parameter which appears to be favored by the WT structure, according to the
calculations presented in the first quarterly report, is the cell series resistance
(due to the lower sheet resistance of the N + .layer). Since we have demonstrated
that P+ layers can be produced with sheet resistances of about 150 ohms/square,
which result in a contribution to cell series resistance of about 0.1 ohm for a
2 x 2 cm cell with our 14-finger front contact, we are not limited by surface
layer sheet resistance. A significant disadvantage of the N + P structure is that
it requires higher lifetime in the surface region than the P+N structure, because
the built-in field produced by the doping gradient in the surface layer has less
effect on promoting the drift of holes to the junction, for an N+ layer, than it
does on electrons in a P+ layer. Since surface region recombination appears to
be the major factor limiting cell performance, the N +P structure appears to be
unfavorable.
17
